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Mesoscopic conductance fluctuations are a characteristic signature of phase-coherent transport in small con-
ductors, exhibiting universal character independent of system details. In this work, however, we demonstrate
a pronounced breakdown of this universality, due to the interplay of local and non-local phenomena in phase-
coherent transport. Our experiments are performed in a polarizer-analyzer geometry, in which an external
spin-orbit coupling is induced in graphene by covering a portion of it with a micromagnet, and probing con-
duction at some distance from this polarizer. The non-local nature of this measurement is manifested through
the appearance of giant conductance fluctuations, with amplitude much larger than e2/h, providing a powerful
demonstration of the manner in which transport may be strongly impacted by quantum non-locality.
As the size of conducting systems is reduced from the
macroscopic realm, towards the fundamental scales that gov-
ern electron transport, their electrical behavior is dramatically
modified [1]. In this mesoscopic regime, the wave-mechanical
nature of carriers causes Drude conduction to be overwhelmed
by quantum-interference phenomena, the most widely studied
of which are weak localization [2] and universal conductance
fluctuations [3, 4] (UCF). Guided by the framework of the
Landauer formalism, a quantitative understanding of these ef-
fects was first achieved many decades ago. Most notably, the
UCF are a specific signature of interference among the differ-
ent Feynman paths for transmission through the system and
exhibit a maximum amplitude of e2/h, independent of system
size or the degree of disorder [3]. This universal character has
been confirmed in experiments performed on a variety of met-
als and semiconductors, long providing the perspective from
which our understanding of mesoscopic transport is derived.
Another consequence of phase coherence in mesoscopic
systems is quantum non-locality, in the presence of which ef-
forts to probe the conductance of small systems are influenced
by processes that arise outside of the region under direct study.
Examples range from the non-local detection of Aharonov-
Bohm oscillations in small metal rings [4], to Fano-resonance
phenomenology in systems of coupled quantum point contacts
[5, 6], and giant non-locality due to long-range flavor currents
in graphene [7].
In this work, we provide a demonstration of the impact of
quantum non-locality on mesoscopic transport in graphene,
showing how it can be mixed with more conventional, local
signatures to yield conductance characteristics without ana-
log in purely local transport. To generate this interplay of lo-
cal and non-local conduction, we perform our experiments in
a polarizer-analyzer geometry. Here, an extrinsic spin-orbit
coupling (SOC) is exerted [8–14] on the carriers of graphene,
as they pass underneath a micromagnet that covers a portion of
the ultrathin carbon sheet. The weak spin interactions inher-
ent to native graphene [15–18] then allow this coupling to be
preserved as carriers diffuse away from the magnetic element.
Measurement of the conductance of the latter regions conse-
quently develops a non-local character, which is strongly in-
fluenced by the SOC generated by the micromagnet. Evidence
for this scenario is provided here by our observation that the
normal weak-localization signature of graphene can be trans-
formed into one consistent with antilocalization, a known sig-
nature of systems with strong SOC [2]. The quantum-coherent
nature of the non-local signature is moreover confirmed by
our finding that it causes giant fluctuations in the conductance,
with an amplitude that can exceed the normal universal value
[3] by well over an order of magnitude. This clear violation of
the long-standing universality of mesoscopic physics provides
a powerful demonstration of the manner in which transport in
graphene may be strongly impacted by quantum non-locality.
An example of our polarizer-analyzer geometry is provided
in Fig. 1(a). Here, a large graphene sheet is partially cov-
ered by a floating Co element (P), which plays the role of
the polarizer and induces an effective SOC in the carbon sheet
[8–14]. Insight into this process is provided by the results
of electronic structure calculations (see Supplementary Mate-
rial for more details), performed for the graphene/Co system.
In Fig. 1(b) we show strong hybridization of the carbon pz
atomic states with the Co orbitals, an interaction which mod-
ifies the bandstructure of the graphene layer, as shown in Fig.
1(c). Here we see how the hybridization opens inequivalent
gaps, of around 40 meV or so, at the K and K′ points. Also
present is an induced spin splitting (indicated by the arrows) in
both the conduction and valence bands; this feature represents
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2FIG. 1: (Color online) (a) Optical micrograph showing the polarizer-
analyzer geometry of P-A:1. Electrodes 1 − 8 are ohmic (Cr/Au:
5-/75-nm) contacts, used to make the differential-conductance mea-
surements. P is the (20-nm thick) Co “polarizer” and the shape of
the graphene is enclosed by a white dotted line. (b) Computed charge
density difference at the graphene/Co(111) interface. Electron loss
(enrichment) is displayed in red (blue). The graphene layer (at top)
is indicated by brown spheres and the yellow spheres represent Co
atoms. (c) Calculated bandstructure of graphene near the K and K′
points. Arrows indicate the spin splitting of the conduction and va-
lence bands. Red (blue) bands correspond to spin-down (spin-up)
states. (d) Differential conductance in the polarizer-analyzer geom-
etry, comparing the effect of including (red/blue data) or excluding
(black data) the polarizer (P) in the measurement path. Panels (e) &
(f) illustrate the manner in which the ZBA changes as the gate volt-
age is varied. All data in panels (d) − (f) are from P-A:1, with red
(blue) data obtained while sweeping the bias voltage up (down). (d)
Vg−VD = −114 V. (e) Vg−VD = −113 V. (f) Vg−VD = −100 V. ∆gd
is defined as the variation of differential conductance, relative to its
minimum value (gdmin , in units of e
2/h) over the indicated bias range.
(d) gdmin = 49.7 (black data), 52.0 (red and blue data). (e) gdmin =
51.1. (f) gdmin = 48.3.
a direct signature of the induced SOC, and generates strong
spin polarization (> 80%) of carriers near the Fermi level (see
Supplementary Material). To probe these features, we per-
form a measurement of an uncovered section of graphene, lo-
cated several microns away from the micromagnet. Evidence
of non-locally induced SOC is then provided by the appear-
ance of a highly characteristic zero-bias anomaly (ZBA, see
Figs. 1(d) − 1(f)) in the differential conductance of this ana-
lyzer.
The fabrication, and basic electrical characterization, of the
polarizer-analyzer devices is described in the Supplementary
Material. While we focus here, for completeness, on the re-
sults obtained from a systematic study of one such device (P-
A:1), our essential findings are confirmed in measurements of
a second structure (P-A:2, see Supplementary Material). The
four-probe differential-conductance (gd) of these devices was
measured by superimposing a small AC voltage upon a larger
DC component (Vd), and in the analysis that follows we plot
the variation of gd as a function of the portion of that voltage
(Veff ) that is dropped [19] across the graphene itself. To ex-
plore the influence of carrier concentration on the phenomena
discussed here, the voltage (Vg) applied to the Si substrate of
the devices could be used to tune the electron or hole density.
All measurements were made with the devices mounted in the
vacuum chamber of a closed-cycle cryostat that, unless stated
otherwise, was operated at a stable base temperature of 3 K.
The key aspects of our study are highlighted in Fig. 1(d),
which shows measurements of the differential conductance of
the same section of graphene, performed while either includ-
ing the polarizer in the current path or excluding it. Black data
correspond to the latter case, where the external (AC & DC)
voltages are applied across probes 5 & 8 in Fig. 1(a), and the
differential conductance is determined from the voltage drop
across probes 6 & 7. In this configuration, gd starts from a lo-
cal minimum at zero bias, following which it increases mono-
tonically when a DC bias of either polarity is applied. Previ-
ously, we have shown that this behavior is a rather general sig-
nature of the quantum correction of weak localization, which
reduces the conductance of graphene at low temperatures but
which is quenched by the application of the DC voltage [19].
While the behavior observed in this configuration is therefore
unremarkable, a very different situation arises when the po-
larizer is included in the current path. In this measurement,
we again determine the differential conductance using voltage
probes 6 & 7, but now apply the external (AC & DC) voltages
across probes 1 & 8 to include P in the current path (albeit
several microns away from the section of graphene that we are
probing). The form of the differential conductance is dramat-
ically transformed in this geometry, exhibiting a pronounced
peak near zero bias and mesoscopic fluctuations over a wider
range of voltage. The reproducibility of these features is con-
firmed by the close overlap of the red and blue data points
in the figure, which correspond to the results of experiments
performed while sweeping the bias voltage in opposite direc-
tions. In contrast to localization, the zero-bias peak implies an
enhancement of the conductance at zero-bias, behavior that is
instead typical of the anti-localization that arises in systems
with strong SOC [2].
With the polarizer included in the current path, the differ-
ential conductance exhibits a complex evolution with carrier
concentration. This can be seen already in Figs. 1(d) − 1(f),
which represent the results of measurements performed at dif-
ferent back-gate voltages. While a zero-bias peak is clearly
present in Figs. 1(d) & 1(e), in Fig. 1(f) this feature has trans-
formed into a doublet-like structure that is centered around
zero-bias. This dramatic change in the form of the differen-
tial conductance is highly suggestive of the role of quantum
fluctuations due to mesoscopic interference, a point that we
3FIG. 2: (Color online) Gate-voltage dependent evolution of differ-
ential conductance for P-A:1, measured with P excluded from the
current path (external voltages: probes 5 & 8; Veff : probes 6 & 7).
The lower panels labeled (i) − (v) provide representative examples
of the differential conductance at different gate voltages. (i) gdmin =
49.7. (ii) gdmin = 50.4. (iii) gdmin =54.6. (iv) gdmin = 62.3. (v) gdmin =
61.5.
further demonstrate in Figs. 2 & 3. Here we plot the vari-
ation of differential conductance as a systematic function of
carrier (hole) concentration (p), with the polarizer both ex-
cluded from (Fig. 2), and included in (Fig. 3), the current
path. Prominent in the contour of Fig. 2 is a suppression of the
conductance around zero bias; this feature is apparent, also, in
the line plots of panels (i) − (v) and has previously been iden-
tified as a signature of weak localization [19]. The presence
of the localization is consistent with the weak native SOC in
graphene, and with the fact that the polarizer is excluded from
the measurement path. While the localization gives rise to a
conductance minimum at zero bias, both the width and am-
plitude of its bias-dependent lineshape show significant fluc-
tuations. Such variations are well known from the study of
weak localization in other mesoscopic systems, such as open
quantum dots [20, 21], where they are known to reflect the
non self-averaging nature of phase-coherent transport.
Turning now to the behavior exhibited when the polarizer
is present in the current path, the contour of Fig. 3 reveals a
complicated variation of differential conductance with carrier
concentration. This is highlighted in the line plots of panels
(i) − (v), in which gd either exhibits a local peak, or mini-
mum, at zero bias, evolving between these forms in a non-
trivial manner as the gate voltage is varied. While differential-
conductance measurements have previously been used to ex-
plore the influence of carrier heating in graphene [22, 23],
these experiments typically reveal a slow variation of gd as
a function of the applied bias. The behavior that we observe
FIG. 3: (Color online) Gate-voltage dependent evolution of differen-
tial conductance for P-A:1, measured with P included in the current
path (external voltages: probes 1 & 8; Veff : probes 6 & 7). The lower
panels labeled (i) − (v) provide representative examples of the dif-
ferential conductance at different gate voltages. (i) gdmin = 52.0. (ii)
gdmin = 44.8. (iii) gdmin = 60.0. (iv) gdmin = 66.0. (v) gdmin = 40.0.
in Fig. 3 is very different, with gd exhibiting rich fine structure
and, in many cases, a strongly asymmetric response with re-
gards to the polarity of the DC bias. We attribute this response
to the influence of the polarizer, and to the capacity of the ap-
plied bias, over the narrow range considered here, to serve as
a spectroscopic probe [19] (rather than a source of heating) of
the hybrid graphene/magnetic system.
The pronounced conductance changes that we observe
when varying carrier concentration (Figs. 1(d) − 1(f), Fig.
3) demonstrate the capacity of the polarizer to strongly mod-
ify quantum transport in graphene, even in regions some dis-
tance (several microns) away from the source of the induced
SOC. The presence of the polarizer in the current path causes
the conductance of these regions to be governed by a mix-
ture of local and non-local considerations, a characteristic that
leads to the observation of unusual mesoscopic phenomena.
Perhaps the most significant manifestation of this is provided
by the observation of giant conductance fluctuations, with an
amplitude that significantly exceeds that expected for UCF.
This phenomenon is demonstrated in Fig. 4(a), the main
panel of which plots the variation of the zero-bias conduc-
tance (gd(Vd = 0)) as a function of p, with and without the
polarizer included in the circuit. While reproducible fluctu-
ations are apparent in both types of measurement, with the
polarizer absent (black and gray plus symbols) the character-
istic amplitude of these features does not vary systematically
with gate voltage, remaining close instead to e2/h; such be-
havior is consistent with that expected from the canonical the-
4FIG. 4: (Color online) (a) Variation of the zero-bias conductance
(gd(Vd) = 0) of P-A:1 as a function of hole concentration. Filled
symbols (crosses) correspond to measurements performed with the
polarizer included in (excluded from) the current path. Red (black)
data points correspond to measurements performed while sweeping
the bias voltage up; down-sweep data are indicated in blue (gray).
The inset plots the difference in the zero-bias conductance (δgd(Vd =
0)), from measurements performed with and without the polarizer
present. Red (blue) data were obtained by subtracting the sweep-up
(sweep-down) measurements of the main panel. (b) The upper panel
is a color contour showing the variation of gd as a function of the
effective bias and temperature. Line plots (i) − (iv) correspond to the
temperatures (15-, 25-, 35- and 45-K, respectively) denoted by white
dotted lines in the contour. Vertical scale is the same in all cases.
Panel (v) shows, for comparison, a typical differential-conductance
trace obtained (at 3 K) with the polarizer excluded from the current
path.
ory of UCF for normal metals [3]. Very different behavior
occurs with the polarizer present, however, in which configu-
ration the fluctuation amplitude grows systematically with in-
creasing carrier concentration (and so increasing gd(Vd = 0)).
At the highest concentrations shown, the amplitude of these
fluctuations reaches as much as 40e2/h, or roughly 50% of
the background conductance. These observations represent a
profound violation of the universal character of mesoscopic
transport, which arises, as we have noted already, from the
mixing of nonlocal contributions into the measured conduc-
tance. An alternative means of demonstrating the nonuniver-
sality is presented in the inset to Fig. 4(a), where we plot
the difference in the zero-bias conductance (δgd(Vd = 0) ≡
gd(0,P present)− gd(0,P absent)), determined from the two
sets of measurement in the main panel.
The temperature (T ) dependence of the ZBA is demon-
strated in Fig. 4(b), the upper panel of which is a color contour
showing the variation of differential conductance with tem-
perature and bias, measured in the polarizer geometry. The
line plots (labeled (i) − (iv)) that appear below the contour
represent the results of measurements at the four tempera-
tures identified in that panel. According to these data, we see
that the ZBA is largely unchanged up to ∼15 K, a value that
compares well to the typical width (1 − 2 mV) of this fea-
ture. With further increase of temperature beyond this scale,
the zero-bias peak begins to weaken (see panel (iii)) and ulti-
mately washes out completely around 40 K. By 45 K (panel
(iv)), the original peak is now replaced by a clear dip around
zero bias, a feature that is very similar to that seen (panel (v))
when the polarizer is excluded from the circuit. The dip has
previously been discussed in terms of the influence of weak
localization, which suppresses the conductance at zero bias
but which is quenched itself by the application of non-zero
bias [19]. In other words, the zero-bias peak that is suggestive
of SOC-induced weak anti-localization at low temperatures,
is replaced at higher temperatures with a localization feature.
The latter washes out itself with further increase of tempera-
ture, somewhere in the range of 50 − 70 K.
Our experimental observations collectively point to the
ability of the magnetic element to exert significant non-local
influence on quantum transport. With this element included
in the current path, measurements performed on uncovered
portions of the graphene, remote from the polarizer, exhibit a
ZBA in their differential conductance. This peak-like feature
is consistent with weak anti-localization [24], arising from
the SOC introduced by the Co layer (Fig. 1(c)). As the car-
rier concentration is varied, the phase-coherent nature of low-
temperature transport leads to significant fluctuations (Fig. 3)
in the anti-localization signature (much as is the case for the
localization feature, see [20] & Fig. 2), and it is these varia-
tions that are responsible for the pronounced conductance os-
cillations apparent in Fig. 4(a). To understand the strongly
non-universal character of these fluctuations, it is worth re-
calling that the original theory for UCF [3] is essentially a
local one, appropriate to two-probe measurement configura-
tions that cut-off non-local contributions to transport [25]. By
construction, this theory therefore does not account for the
non-local phenomena that arise here.
Non-local measurements have been widely used to study
details of spin transport in graphene, most notably via the
spin-Hall effect (see [18] for details). Such experiments make
use a very different non-local geometry to that employed here,
with current being passed through one region and voltage be-
ing measured across another. In such experiments, however,
the source of the induced SOC is usually present through-
out the graphene layer, which is very different to the situa-
tion in the polarizer-analyzer geometry that we utilize. In our
case, SOC is induced locally by the polarizer, and the non-
5local character of our experiment then arises from weak spin
dephasing of the polarized carriers [15–18] once they are in-
jected into the bare graphene.
The influence of temperature on the zero-bias peak is
demonstrated in Fig. 4(b). In prior studies of the quantum cor-
rections (weak localization and electron interactions) in na-
tive graphene, we have found that these features become most
prominent below 50 K [19, 26], in agreement with the scale
on which the peak is suppressed in Fig. 4(b). The suggestion,
therefore, is that the behavior in Fig. 4(b) is driven primarily
by the influence of temperature on the phase coherence re-
quired [27] for the (anti-) localization, rather than by thermal
smearing of the spin-orbit interaction.
In conclusion, we have demonstrated a pronounced break-
down of the universal character of mesoscopic conduction in
graphene, in experiments performed in a polarizer-analyzer
geometry. This setup was used to exert an external SOC
on carriers in the graphene, which was then detected non-
locally, in the differential conductance, via the transformation
of the weak-localization signature into one characteristic of
anti-localization. Also present were giant fluctuations in the
zero-bias conductance, as a function of the carrier concentra-
tion, with an amplitude that reached values much larger than
e2/h. This clear violation of the normal universal character of
mesoscopic conduction was attributed to the strong the mixing
of local and non-local signatures in phase-coherent transport.
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